Association of Pepper Ringspot Virus (Brazilian Tobacco
Examination of thin sections of tissues from various plants infected with pepper ringspot virus showed the presence of characteristic aggregates of tubular particles, about 2o00 A long and 200 to 250 ~ wide, considered to be pepper ringspot virus in situ. The pepper ringspot virus aggregates were associated with mitochondria in such a way that the virus particles were positioned perpendicularly on the surface of mitochondria. Aggregates of short (55o ~,) particles were not found.
Except in xylem vessels, pepper ringspot virus aggregates were present in practically every type of tissue in infected plants, including the meristematic zone of shoot apex and root tip.
I N T R O D U C T I O N
A virus, named pepper ringspot, was recently described and considered to be the South American counterpart of the tobacco rattle virus, based on pathological, morphological and serological criteria (Costa, unpublished; Kitajima, Oliveira & Costa, 1967, Oliveira, I967) . Particles of this virus are tubular, about 250 A wide, with an axial channel measuring 40 A in diameter. There are two prevalent types of particles, with lengths of 54 ° A and 199o A (Kitajima et al. I967). Virus infectivity has been associated with the long particles only (Silva, I965; Kitajima et al. I967; Oliveira, 1967) .
The present paper describes the appearance in the electron microscope of the pepper ringspot virus particles within infected cells from several different host plants.
M E T H O D S
Four different strains of pepper ringspot virus were utilized in the present study. They were sXo CARLOS, JACUTINGA, BIDENS and ITAPEVA, kept in the collection of the Virus Department, Instituto Agronomico de Campinas.
The following plants, healthy or infected with one of the above-mentioned isolates, were used: Solanaceae, Nicotiana tabacum L., s (11 = local lesion; s = systemic invasion); N. glutinosa L., s; Capsicum annuum L., s; C. pendulum Wild., s; L ycopersicon esculentum Mill., s; Solanum nigrum L., s; Chenopodiaceae, Chenopodium amaranticolor Coste and Reyn., 11; Compositae, Bidens pilosa L., s. Plants were grown in a greenhouse and inoculated mechanically. Samples for electron-microscope histology were collected from leaves showing conspicuous local reactions or systemic symptoms. Tobacco shoot apex and root tip, as well as tomato fruit wall and tips from adventitious root grown in water, were also utilized. Leaf and other tissues from healthy or virus infected plants, after being cut into pieces of about I to 2 mm ~, were fixed in cold I ~o OsO4 solutions, buffered with sodium phosphate to pH 7"o, for 12 to I8 hr (Millonig, t964) . After fixation, tissues were dehydrated with cold acetone and embedded in Epon (Luft, I96I). Blocks were sectioned with a Porter-Blum model MT-I ultramicrotome, using glass knives. Sections were stained with lead hydroxide (Karnovsky, t96I) and uranyl acetate (Watson, I958 ) . Pellets, obtained by ultracentrifugation of purified pepper ringspot virus preparations, were fixed and handled as tissues for electron-microscope histology. Thick sections (about I/~m.) from the same block used for thin sectioning were stained with Azur II-methylene blue (Richardson, Jarret & Finke, I96o) and examined in the light microscope.
RESULTS
Characteristic aggregates were noted in the cytoplasm in sections of various plants from all eight species of plants infected with each of the pepper ringspot virus isolates studied, but not in tissues of uninoculatcd control plants (Pl. I to 3)-They consisted of rod-shaped tubular particles which have a very uniform length of about 20oo and a width of 2oo to 250 A and were aggregated side by side in an ordered array. The particles are considered to be pepper ringspot virus particles in situ. Similar particles were the only components of the sectioned pellets of purified preparations (P1. I a).
A striking feature of the aggregates was their constant association with mitochondria, in such a way that a group of virus particles was positioned more or less perpendicularly to the outer flattened surface of the mitochondria 2a, b; 3a, b) . In many instances, several mitochondria appeared in a stack, separated from one another by one or two layers of virus particles (P1. I e; 2a; 3b). Virus particles were not found inside the mitochondria or regularly associated with other cell structures.
Some changes were noted in the shape and structure of mitochondria associated with pepper ringspot virus particles. Such mitochondria were flattened; there appeared to be some increase in the amount of intramitochondrial granules and a noticeable development of the cristae mitochondriales. The latter were very characteristic in appearance. In the central region of the mitochondria the cristae formed sinuous and arched folds, which, in some sections appeared as rings (PI. I b, c).
Short (55o A) particles were not seen in aggregates or dispersed in the cytoplasm. In certain degenerating cells particles shorter than 2ooo ~,, but heterogeneous in length, were found scattered in the cytoplasm, near the mitochondria (PI. 2 c). Their length distribution did not have a distinct mode.
In cross-sections of the particles forming the aggregates, which were only found infrequently, the tubular nature of the particles was clearly evident, as was their arrangement in a regular, but not crystalline, array (PI. 2 b).
The association of mitochondria and pepper ringspot virus was found in leaf tissues showing either local or systemic symptoms. It was particularly frequent in cells of the spongy and palisade parenchyma and less common in cells from the epidermis, trichomes, phloem and xylem parenchyma, sieve-tube companion cells and certain secretory structures (P1. If). In rare instances, pepper ringspot virus aggregates were found within the sieve tubes (P1. I d).
In tobacco and pepper plants, pepper ringspot virus induced a systemic necrosis of 
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leaves. Necrotic cells were completely shrunken and electron-dense. It was not possible to distinguish structures within dead cells except starch grains and aggregates of pepper ringspot virus. Virus aggregates were often found in lateral roots of tobacco and tomato, and adventitious roots of tomato, but mainly in well differentiated tissues (cortical zone and vascular system). Pepper ringspot virus aggregates were less frequent in the rootcap, but occurred in most of its cell layers. Within a portion, which might correspond to the quiescent zone, virus particles were not found, but at its periphery, they were found in both resting and dividing cells (PI. 3a)-The frequency of cells containing pepper ringspot virus aggregates and their number per cell increased with increasing distance from the meristematic zone.
Mitochondrion-associated pepper ringspot virus particles were found both in cells forming the apical dome of the shoot apex and those of small 'ears' of the leaf primordia of tobacco plants (P1. 3 b). They were less frequent than in leaf or root tissues, but were seen in many cells with a typical meristematic character, some of which were dividing.
Pepper ringspot virus aggregates were not recognized with the light microscope in sections stained with Azur II-methylene blue, in spite of their size (about 0.2 to 0"4/zm. × 0"5 to z.o/zm.).
D I S C U S S I O N
The tubular particles forming the aggregates associated with the mitochondria closely resemble the 2000 £ particles of pepper ringspot virus found in negatively stained leaf-dip or purified preparations. Also, the particles present within infected cells seem indistinguishable from those found in sections of pellet from purified preparations (Pl. I a).
The intracellular pepper ringspot virus aggregates contained only 2ooo ~ particles. Although 55o ~ particles were abundant in leaf-dip or purified preparations (Kitajima et al. I967), aggregates of these particles were not found in the cells examined. The particles of various other lengths present in degenerating cells (P1. 2 c) were not of any particular size and might have been derived by breakdown of aggregates of 2ooo £ particles. This is deafly suggested by their apparent association with mitochondria. The ease in identifying such short particles suggests that 550 A particles would be: detectable if they occurred dispersed in the cytoplasm.
The short par tides of virus of tobacco rattle virus group have been considered to be products of infection (De Zoeten, I966) or to have some symbiotic relationship with the long particles (Lister, I966; Frost, Harrison & Woods, I967) . If the last hypothesis holds true, the short particles must multiply within the cells, although being dependent for multiplication on the presence of long ones. Since characteristic short (55o ]~) particles were not seen in sections, it seems possible that they are formed in groups of four units, producing aggregates indistinguishable in appearance from those made up of long (2000 ~) particles. Alternatively, short particles might be regarded as broken pieces of the long particles. The predominance of 550 £ particles could be attributed to the existence of 3 weak points, nearly equidistant, along the 2ooo ~ particles, before they attain a certain degree of maturity, after which these long particles would be more stable.
The nature of the association of pepper ringspot virus with mitochondria is unknown
at the present time. There are some animal viruses in which the mitochondria seem to he one of the centres of virus synthesis, such as has been described for avian erythroblastic leukemia (Bennedetti & Bernhard, I958), avian myeloblastosis (Bonar et aL 1959) and rinderpest (Breese & De Boer, 1962) . However, whereas these animal viruses appear within the mitochondria, pepper ringspot virus particles are arranged on the mitochondrial surface. This close topological relation between pepper ringspot virus and mitochondria might result from a high energy demand during the synthesis or assembly of this virus. The increase in mitochondrial cristae, indicating a larger oxidative activity, lends support to such a view. Dependence of some phase of viral synthesis on mitochondrial D N A is also possible. Pepper ringspot virus particles were seen in almost all types of tissues in infected plants, but not within xylem vessels or in the quiescent zone of the root meristem. An important feature of pepper ringspot virus seems to be its occurrence in the meristematic region of root tip or shoot apex in infected plants. The meristematic character of the infected cells is determined by their position, checked by light microscopy of adjacent thick sections and also by their general morphology, as described by Whaley, Mollenhauer & Leech (196o) . This was also inferred by the mitotic state of many of the cells in the region considered to be meristematic.
It has been generally accepted that plant meristems are usually free of virus. Exceptions to this rule have been reported (Sheffield, 1942; Lackey, 1946; Hollings & Stone, 1964) based on extracting infective material from meristematic tissues or on failure to obtain virus-free plants by tissue culture of excised apical meristems. However, this seems to be the first example of visual proof of the presence of virus particles, both in root and shoot apex meristems.
The recently reported high frequency of seed transmission of pepper ringspot virus in tomato (Costa & Kitajima, 1968 ) might be attributed to the ability of this virus to invade meristematic tissues.
